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Optical systems combining balanced loss and gain profiles provide a unique platform to 
implement classical analogues of quantum systems described by non-Hermitian parity-
time- (PT-) symmetric Hamiltonians and to originate new synthetic materials with novel 
properties. To date, experimental works on PT-symmetric optical systems have been 
limited to waveguides in which resonances do not play a role. Here we report the first 
demonstration of PT-symmetry breaking in optical resonator systems by using two directly 
coupled on-chip optical whispering-gallery-mode (WGM) microtoroid silica resonators. 
Gain in one of the resonators is provided by optically pumping Erbium (Er3+) ions 
embedded in the silica matrix; the other resonator exhibits passive loss. The coupling 
strength between the resonators is adjusted by using nanopositioning stages to tune their 
distance. We have observed reciprocal behavior of the PT-symmetric system in the linear 
regime, as well as a transition to nonreciprocity in the PT symmetry-breaking phase 
transition due to the significant enhancement of nonlinearity in the broken-symmetry 
phase. Our results represent a significant advance towards a new generation of synthetic 
optical systems enabling on-chip manipulation and control of light propagation.  
Introduction. Parity-time- (PT-) symmetric quantum Hamiltonian systems have attracted 
increasing attention during the past decade following the work of Bender and Boettcher (1), who 
showed that the eigenvalues of non-Hermitian Hamiltonians Ĥ†≠ Ĥ can still be entirely real if 
they respect PT-symmetry, PTĤ = ĤPT. It is now understood that one can interpret PT-
symmetric systems as nonisolated physical systems having balanced absorption (loss) and 
amplification (gain). A remarkable feature of such systems is that they exhibit a phase transition 
(1-3) (spontaneous PT-symmetry breaking) if the parameter that controls the degree of non-
Hermiticity exceeds a certain critical value. Beyond this critical threshold the spectrum is no 
longer real, eigenvalues become complex even though PTĤ = ĤPT is still satisfied.     
 
PT symmetry has been studied both experimentally [4-12] and theoretically [13-23] in a variety 
of physical systems, with experiments performed on electronic circuits [4], nuclear magnetic 
resonance [5], optics [6-8], metamaterials [9], microwave cavities [10], mechanical oscillators 
[11], and superconductors [12]. Optical systems have emerged as the most productive and 
versatile platform to study the fundamentals of PT symmetry and to test and explore PT-
symmetric applications such as unidirectional invisibility and loss-induced transparency.  
 
Here we report an experimental demonstration of a PT-symmetric system of two coupled 
whispering-gallery-mode (WGM) resonators. Our experiments differ from previous optics 
experiments in two significant ways. First, resonances play a dominant role in the dynamics and 
the evolution of our PT-symmetric system. Previous PT-symmetric optics experiments [6,7] used 
coupled waveguides in which the resonances play no role. Second, unlike previous experiments 
in which the coupling strength was fixed, our implementation enables us to control both the 
coupling strength and the amplification-to-absorption ratio, making it possible to probe phase 
transitions in the wider phase space of the two tunable parameters.  
 
We have demonstrated reciprocal transport in the linear regime, in both the PT-symmetric 
unbroken and broken phases, and a significant enhancement of nonlinearity in the broken-
symmetry regime, leading to a strong nonreciprocal transport in the nonlinear regime with very 
low power threshold, thereby providing a direct experimental clarification regarding the 
important issue of nonreciprocity in PT-symmetric systems. The realization of PT-symmetric 
systems with coexisting coherent perfect absorption (CPA) and lasing [21-23] require PT-
symmetric optical resonators, which we are demonstrating for the first time here. Extending PT-
symmetric concepts to optical resonators will open a fruitful research direction in which CPA-
lasers and chaotic ray dynamics can be explored.      
 
Whispering-gallery microcavities and experimental setup. In a WGM resonator light is 
confined by total internal reflection and circulates around the curved inner boundary of the 
resonator. WGM modes exhibit an evanescent tail that helps to couple light in and out of the 
resonator, and to probe the changes in or near the resonator for ultra-high performance sensing 
[24,25]. Moreover, the evanescent tail makes it possible to couple directly two or more WGM 
resonators. The performance of a WGM resonator is determined by its quality factor Q, which 
represents the total loss (material, radiation, scattering and coupling losses) experienced by the 
light in the mode.  
 
Our system is composed of two directly coupled WGM microtoroidal resonators, each coupled to 
a different fiber-taper coupler (Fig. 1A-C). The first microtoroid (μR1) is an active resonator 
made from Er3+-doped silica formed using sol-gel synthesis [26-28] and the second microtoroid 
(μR2) is a passive (no-gain-medium) resonator made from silica without dopants [26]. To have a 
controllable direct coupling between them, the microtoroids were fabricated at the edges of two 
separate chips. The chips are placed on nanopositioning systems to control precisely the distance 
and hence the coupling between the microtoroids. Optical gain in μR1 is provided by optically 
pumping the Er3+ ions, which emit in the 1550 nm band, with a pump light at 1460 nm band. The 
Q-factors of μR1 and μR2 in the 1550 nm wavelength band are 3.3×106 and 3×107, respectively, 
and μR1 has a Q-factor of 2.4×106 in the spectral band of the pump (Fig. 1D).  
 
As the pump laser power is increased, the gain starts to compensate the losses of μR1 in the 
1550nm band. This is reflected in the decreasing linewidth of the resonance line (Fig. 1E). When 
a weak probe light is coupled to μR1 together with the pump light, we observe a strong resonance 
peak, indicating that the weak probe signal has been amplified by the gain provided by Er3+ ions 
(Fig. 1F). The resonance wavelength of μR2 is thermally tuned through the thermo-optic effect of 
silica. By controlling the detuning in resonant wavelengths between μR1 and μR2 we can mediate 
their coupling in the 1550 nm band. In addition, the coupling between the resonators is modified 
by changing the distance between them. There is no coupling between the resonators in the 1460 
nm band; thus, the pump light exists only in μR1. In all previous realizations of PT-symmetric 
photonic systems, the coupling strength was kept constant, while the gain-to-loss ratio was 
varied. The ability to control the amplification and absorption ratio and the coupling strength 
makes our platform highly versatile for investigating the novel physics of PT-symmetry.   
 
Parity-time symmetry breaking in WGM microcavities. We conducted two sets of 
experiments using the apparatus described in Fig. 1. The first set of experiments determined the 
broken and unbroken PT phases as a function of the coupling strength. We studied the system  
 
Fig.1. Concept of the PT-symmetric WGM microcavities. (A) The system consists of two 
directly coupled WGM resonators, and two fiber-taper waveguides. µR1: active Er3+-doped 
silica microtoroid. µR2: passive silica microtoroid. PIN: pump laser in 1460 nm band to excite 
Er3+ ions which provide gain in the 1550 nm band. SIN: probe light (signal) in the 1550 nm band. 
(B&C) Images of the top and side views of the coupled resonators. (D) Transmission spectra 
showing the resonance line of µR2 at 1533.8 nm (a) and resonance lines of µR1 at 1533.8 nm (b) 
and at 1417.0 nm (c). (E) Gain provided by Er3+-ions in µR1 leads to narrower and deeper 
resonance lines as the pump power (gain) is increased, implying an increasing Q-factor. (F) 
Weak probe light is amplified when it is coupled to µR1 together with the pump light. Inset shows 
that without the weak SIN there is no resonance enhancement.  
using only the first waveguide (WG1) with ports 1 and 2 by moving the second waveguide 
(WG2) with ports 3 and 4 so far from the resonators that there was no coupling between WG2 
and the resonators. The pump and the weak probe lasers were input at port 1 and the output 
transmission spectra were monitored at port 2 in the 1550 nm band. Without the pump, the 
coupled-resonator system acted as a passive photonic molecule characterized by two supermodes 
whose spectral distance increases with increasing coupling strength (that is, decreasing distance 
between µR1 and µR2) (Fig. 2A) [29,30]. This system became PT-symmetric when µR1 was 
optically pumped to provide gain and µR2 had a balanced loss. At fixed gain-loss ratio (i.e., 
pump power),  
 
Fig.2. Experimentally observed mode-splitting and linewidth-difference of the supermodes in 
the coupled-microresonator system as a function of coupling strength κ. Mode-splitting (A&C) 
and linewidth (B&D) variation correspond to the difference between the real parts and changes 
in the imaginary parts of the eigenfrequencies, respectively. (A&B) Comparison when 
resonators are passive (no gain in µR1: red square and triangular marks) with Q factors 2.9×107 
and 3.0×107, respectively, for µR1 and µR2, and when one resonator is active and the other is 
passive (with gain in µR1: blue circular and cross marks). (C&D) Effect of the initial Q-factor 
(loss) of µR2 on the eigenfrequencies. Two resonance modes with Q-factors 2.0×107 (blue) and 
3.0×107 (red) are chosen for µR2. Shaded regions correspond to the broken-PT-symmetric 
region when gain and loss are balanced.  
we monitored the output port as a function of the coupling strength κ, observing that there was a 
threshold coupling strength κPT at which the PT-symmetry phase transition occurred (Fig. 2 
A&B). For κ/κPT <1, the system is in the broken-symmetry phase, as seen in both the zero mode-
splitting (Fig. 2A) and the nonzero linewidth difference (Fig. 2B). This indicates that the real 
parts of the eigenfrequencies have coalesced and that their imaginary parts are different. As κ/κPT 
approaches 1 from below, the linewidth difference decreases and frequencies bifurcate (mode-
splitting).  
 
Next, we chose two different WGMs with Q-factors 2.0×107 and 3.0×107 in µR2 and adjusted the 
pump power so that loss-gain ratio was nearly balanced. We observed that the transition from the 
broken to unbroken phase occurs at different coupling strengths for modes with different Q, that 
is, different initial loss (Fig. 2C&D). The lower the Q-factor, the higher the κPT for a PT phase 
transition. Typical transmission spectra in broken- and unbroken-PT-symmetric phases are given 
in Fig. 3. 
 
 
Fig.3. Experimentally obtained transmission spectra in broken- and unbroken-PT-symmetric 
regions of Fig. 2A. (A) Mode-splitting determined by the difference between the real parts of the 
eigenfrequencies of the supermodes of the coupled WGM-resonators system as a function of the 
coupling strength. The transmission spectra at different coupling condition in broken- and 
unbroken-symmetry regions are given in panels (B)-(E). The red straight lines depict the case 
with two passive resonators. The dotted blue lines depict the case in which one resonator is 
active and the other is passive with balanced loss and gain. (B) Both resonators are passive (no 
gain) and the coupling is small. Splitting is barely seen. (C) Both resonators are passive and the 
coupling is strong. Mode-splitting is clearly seen. (D) Coupled passive and active resonators in 
the unbroken-symmetry region. Split resonance peaks are clearly seen. (E) Coupled passive and 
active resonators in the broken-symmetry region. 
 
The PT phase transition can be understood intuitively as follows. If the coupling between the 
resonators is weak, the energy in the active resonator cannot flow fast enough into the passive 
resonator to compensate for the absorption. Thus, the system cannot be in equilibrium and the 
eigenfrequencies are complex, implying exponential growth or decay. However, if the coupling 
strength exceeds a critical value, then the system can attain equilibrium because the energy in the 
active resonator can flow rapidly enough into the passive one to compensate the dissipation.  
 
In our experiments the frequency bifurcation (splitting) is not in orthogonal directions (Fig. 2) as 
would be expected for ideal systems with exactly balanced gain and loss. Instead, the bifurcation 
is smooth and the degree of smoothness (how much the system deviates from the exactly 
balanced case) depends on the pump power. In order to understand the origin of this behavior, 
we have revisited the equations of motion for coupled oscillators, which show that, for 
unbalanced gain and loss, the eigenfrequencies are never exactly real. Instead, there is a region of 
κ where the difference in imaginary parts (linewidth difference) is large but the difference in real 
parts (mode splitting) is small (but nonzero). There is a second region where the linewidth 
difference is small but nonzero and the mode splitting is large. In practical implementations it is 
impossible to equalize the loss and gain exactly, so the mathematical prediction of a smooth 
bifurcation is physically realistic and is consistent with our experimental observations (Fig. 2).  
 
Nonreciprocal light transmission: Optical diode action in PT-symmetric WGM 
microcavities. As predicted theoretically and demonstrated experimentally, PT-symmetric 
systems exhibit distinct behaviors including unidirectional or asymmetric transmission and 
invisibility, and enhanced or reduced reflections in the broken-PT-symmetric regime, where 
propagation is not invariant under the exchange of loss and gain. In the second set of 
experiments we demonstrate for the first time nonreciprocal behavior in PT-symmetric system in 
the optical frequency range, which allows light to pass in only one direction. Strikingly, this 
strong nonreciprocal light transmission is associated with nonlinearity enhancement due to 
strong field localization induced by PT-symmetry-breaking. In the linear regime, light 
transmission is still reciprocal. It’s worth noting here that asymmetric behavior of PT symmetry 
was previously shown in electronic circuits at a frequency of 30 kHz [4]; however, a signal in 
kHz differs from the optical frequency in our work by almost ten orders of magnitude (kHz 
electronic signal versus THz optical signal), and the microscopic physics of  experiments in 
electronic and optic domains are completely different. 
 
It is known theoretically that a linear static dielectric system, even in the presence of gain and 
loss, cannot have a nonreciprocal response [17,18,31-34]. On the other hand, a system with 
nonlinearity can exhibit very strong nonreciprocity. We tested this in our PT-symmetric system 
shown in Fig. 1A where the transmission from input port 1 (4) to the output port 4 (1) is defined 
as the forward T1→4 (backward T4→1). We first monitored the output spectra at port 1 as the 
power of the input probe at port 4 was varied when the system was in the broken- or unbroken-
symmetry phases. A clear nonlinear response was observed in the symmetry-broken phase, in 
contrast to the linear response in the unbroken phase (Fig. 4A). At low power levels, where the 
input-output relation was linear, the system was reciprocal in both the broken- and unbroken-
symmetry regions (Fig. 4B&C). Thus we have provided a direct experimental clarification of the 
issue of reciprocity in PT symmetric systems; that is, PT symmetry or PT-symmetry breaking 
alone is not sufficient for nonreciprocal light transmission.   
 
As we increased the input power, the system remained in the linear regime for the unbroken-
symmetry phase, whereas the input-output relation becomes nonlinear in the broken phase (Fig. 
4A). These results indicate nonlinearity enhancement (i.e., the threshold for nonlinearity is 
 
Fig.4. Input-output relation in PT-symmetric WGM resonators and reciprocity in the linear 
regime. (A) Input-output relation is linear in the unbroken-symmetry region (red square 
symbols) and nonlinear in the broken-symmetry region (blue circle symbols). Transmission 
spectra were obtained at port 1 when the input was at port 4.  (B&C) Transmission spectra in 
the linear regime (low input power levels) show reciprocal light transmission at forward (blue 
inset) and backward (red spectra) directions in both the broken- (B) and unbroken- (C) 
symmetry regions.  
lower) in the broken-symmetry phase, due to the stronger field localization into the resonator 
with gain [17], as compared to the unbroken-symmetry phase.  
 
Due to the stronger nonlinearity in the broken-symmetry case, the PT-symmetry transition is 
associated with a transition from reciprocal to nonreciprocal behavior. When the pump at port 1 
is OFF (μR1 and μR2 are passive) and a weak probe light is input at ports 1 or 4, we observe 
resonance peaks in the forward or backward transmissions (Fig. 5A(a) & 5B(a)) with no 
resolvable mode splitting. When the pump is set ON and the gain and loss are balanced as much 
as possible so as to operate the system in the unbroken-PT-symmetric region, transmission 
spectra showing amplified signals with clearly resolved split peaks are observed at the outputs in 
this strong-coupling region (Fig. 5A(b) & 5B(b)). However, when the coupling strength is 
decreased so that the system transits into the broken-symmetry region, forward transmission 
reduces to zero T1→4 ~ 0 (Fig. 5A(c)) but the backward transmission remains high (Fig. 5B(c)). 
The transmission spectra show a single resonance peak, as expected from the theory. Thus, in the 
broken-symmetry region, the input at port 4 is transmitted to port 1 at resonance; however the 
input at port 1 cannot be transmitted to port 4, in stark contrast with what is observed for the 
unbroken-symmetry region. This indicates nonreciprocal light transport between ports 1&4.  
 
Unlike previous experiments demonstrating nonreciprocal transport in non-PT microresonators  
[34,35] and asymmetric behavior in PT-electronics [4], here we observe a complete absence of 
resonance peak in the forward transmission.  Also, the transmitted signal here is not from 
spontaneous emission of the gain medium. Without the weak injected signal at the input port 4, 
the output at port 1 is at the noise level, and no resonance peak is observed. Only with the weak 
signal present, resonance enhancement and thus the peak is observed (Fig. 5B(b)&(c) inset).  
 
The nonreciprocity is observed regardless of whether the pump is input at port 1 or 2. Note that 
the pump cannot be at port 3 or 4 because the absence of coupling between μR1 and μR2 at the 
pump band prevents the optical pumping of Er3+ ions in μR1. We have observed similar 
nonreciprocity between ports 2&3. These results imply that PT-symmetric WGM microcavities 
in the broken-symmetry region can give rise strong nonreciprocal effects due to nonlinearity 
 
       
Fig.5. Experimentally observed unidirectional transmission for PT-symmetric WGM 
microresonators in the nonlinear regime. When both resonators are passive (no gain), the 
transmission is bi-directional (reciprocal), and light is transmitted in both forward (A(a)) and 
backward directions (B(a)). In the unbroken-symmetry region, where the coupling exceeds the 
critical value and gain and loss are balanced, the transmission is still bi-directional (A(b) & 
B(b)). Mode splitting due to coupling is now resolved because gain compensates loss leading to 
narrower linewidths. In the broken-symmetry region (A(c) & B(c)), transmission becomes 
unidirectional (nonreciprocal). Input in the backward direction reaches the output (B(c)), but 
input in the forward direction does not (A(c)). This resembles the action of a diode and implies 
that an all-optical on-chip diode with PT-symmetric WGM microcavities operates in the broken-
symmetry region. Inset in (B(b)) and (B(c)) shows the signal at port 1 when there is no input 
signal at port 4.  
 
Conclusion and summary. In summary, our experiments extend the concept of PT-symmetric 
optics and the PT-symmetric nonreciprocity (diode action) from centimeter- and meter-scale 
structures to the domain of on-chip micro-scale structures, and more importantly from 
waveguides to microresonators. This work significantly contributes to the field in many ways. 
First, it presents the first PT-symmetric optical microresonators with a clear demonstration of PT 
symmetry breaking. Second, it provides an experimental demonstration of the enhancement of 
nonlinearity (reduction of threshold for nonlinearity) in the broken-symmetry phase. Third, it 
presents an experimental verification that PT-symmetry alone is not sufficient to obtain 
nonreciprocal behavior; operation in the nonlinear regime is also necessary. A PT-symmetric 
system will always be reciprocal in the linear regime, regardless of whether PT-symmetry is 
broken or unbroken. Thus, this work provides a direct experimental proof of the issue of 
reciprocity in PT-symmetric systems. Fourth, it provides for the first time an experimental 
demonstration of nonreciprocal light transmission -- without magneto-optic effect -- in a PT-
symmetric system operated in the nonlinear regime and broken-symmetry phase.   
 
Although we used fiber-taper coupled microtoroids, our techniques can be extended to other  
WGM resonators with integrated coupling waveguides and to photonic crystal cavities. 
Similarly, gain could be provided by quantum dots or other rare-earth-ions and also through 
nonlinear processes, such as Raman or parametric gain. Like any nonreciprocal device utilizing 
resonant effects, our PT-symmetric all-optical diode is bandwidth-limited [34,35]. However, by 
thermally tuning the resonance wavelengths and by using active resonators doped with multiple 
rare-earth-ions, operation over large-wavelength bands should be possible. Coupled WGM 
microresonators provide a comprehensive framework for understanding resonance effects in PT-
symmetric optical systems, whose optical properties are unconventional, thereby aiding the 
development of CPA lasers and on-chip synthetic structures to harness the flow of light.  
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